The distribution of '4C from xylem-borne ['4Clglutamine, the major nitrogen compoun moving in xylem sap of cottonwood (Populis deltoides Bartr. ex Marsh), was followed in rapidly growing shoots with a combination of autoradiographic, micronutoradiographic, and radioassay techniques. Autoradiography and 14C analyses of tissues showed that xylemborne glutamine did not move with the transpiration stream into mature leaves. Instead, most of it was transferred from xylem to phloem in the upper stem and then translocated to young developing tissues. Microautwadiography showed that metaxylem parenchyma, secondary xylem parenchyna, and rays were the major areas of uptake from xylem vessels in the stem. Accumulation in phloem (high "C concentrations in sieve tubes) took place in internodes subtending recently mature leaves. Little "C from xyklm-borne glutamine was found in phloem of mature leaves, which indicates restricted retransport of glutamine that did enter the leaf.
In many species, the root system is the major source of organic nitrogen used by the developing shoot. Nitrogen metabolism in roots can be very specific, resulting in the synthesis and transport of only one or two major nitrogen compounds (1 1). In cottonwood (Populus deltoides Bartr. ex Marsh.), glutamine is the major organic nitrogen compound translocated from roots to shoots in the xylem sap, although several other amino compounds are also present (2) . Intensive chemical studies on legume xylem and phloem sap have shown longitudinal xylem transport, radial xylem to xylem transfer, and radial xylem to phloem transfer, all of which direct nutrients toward the sink tissue (8, 9, 12, 15) . Studies of similar intensity have not been reported for nonleguminous species, although xylem to phloem transfer of urea (13) and amino acids (14) has been demonstrated in apple trees. This paper reports a study in which ["C]glutamine was applied to the distal end ofexposed xylem ofsevered cottonwood shoots. Xylem movement, xylem to phloem transfer, and general distribution of "C from xylem-fed glutamine in shoots were then analyzed with whole leafautoradiography, scintillation counts of tissues, and an improved method of microautoradiography that localizes water-soluble nutrients ( 16) .
MATERIALS AND METHODS
Plant Material. Cottonwood plants (Populus deltoides Bartr. ex Marsh.) were grown from seed in a controlled environment as previously described (2) . Photon flux density during the 18-h day was 300 smol s-' m-2 measured with a Li-Cor' qantum sensor (400-700 nm) and meter (models LI-1095 and LI-185A, respectively). Day and night temperatures were 27 and 20°C, and the corresponding RH were 50 and 80% measured with a Belfort hygrothermograph calibrated with a Hg thermometer (Belfort Instrument Co., Baltimore, MD). The plants were treated at plastochron indices from 16 to 18 (7) . At plastochron index 16, the 16th leaf from the base (the index leaf) was about 2 cm long and was assigned a LPI2 of 0. Older leaves were numbered positively and consecutively down the plant. LPI 7 was the first fully expanded, mature leaf. Plastochron index 16 plants were approximately 20 to 25 cm tall.
I"CiGlutamine Application. Three series of plants were treated with [14Cjglutamine-two series for determining uptake and distribution of xylem-fed glutamine and one series for microautoradiography. In the first distribution series, plants had three mature leaves, LPIs 7 to 9; leaves at LPI 10 and older were removed before treatment. Three replications were treated continuously with 0. Selected node, internode, petiole, and leaf segments from the microautoradiographic series were excised with a razor blade, frozen in liquid N2, freeze-dried (-50°C, 7.0 Pa), and pressure infiltrated with low viscosity epoxy resin (16) .
RESULTS
I"`ClGlutamine Distribution within the Plant. Within 5 min after placing the severed stem in the glutamine solution, 14C was beginning to accumulate in the xylem subtending the mature leaves, LPIs 8 and 9 (Fig. 1A) . As treatment time increased, "1C slowly increased in the lower stem but rapidly accumulated in the xylem segments subtending the most recently matured (fully expanded) leaves (LPIs 7-9). The accumulation patterns were similar in the phloem plus cortex tissue that had been stripped from the xylem cylinder, but less "1C was present than in the associated xylem segments ( (Fig. 1, A and B ).
The pattern of accumulation shown in Figure 1 , A and B, occurred in stems from which the older mature leaves (LPIs 10- (Fig. 2) . Again the accumulation patterns were the same whether based on specific activity (Fig.  2) or total 14C present in the tissue (Table I) .
Accumulation profiles for leaf laminae also showed a distinct age difference. The gradual increase of "'C in mature leaves (LPIs 7-9) during continuous feeding probably reflected xylem movement into the laminae (Fig. 3, A and B) . In contrast, "'C rapidly accumulated in young developing leaves. Within 5 min, the concentration of "'C was greater in leaves at LPIs 4 and 5 than in more mature leaves. Within 15 min, the total amount of 14C was greater in LPI 4 (1/3 to ½/2 expanded) than in LPIs 8 and 12 (fully expanded) (Table I ). This accumulation pattern was the same for plants with either 9 or 13 leaves below LPI 0 (Fig. 3, A and B), with method of application (pulse-chase or continuous feeding, natural or artificial xylem sap), with treatment time, and for either specific activity or total "'C present-the patterns of accumulation based on total 14C present in the different-aged leaves simply shifted one or two leaves down the plant compared to those obtained with specific activity (Fig. 3A) .
Microantoradiography (Fig. 4B) . Vascular regions of phloem accumulation were associated with young leaf traces that had small amounts of metaxylem. Older traces with extensive metaxylem showed accumulation in the metaxylem parenchyma and rays but little phloem accumulation. Little 14C was retained in the cambium, although it was incorporated into slightly older differentiating cells in both xylem and phloem (Fig. 4, A and B) .
By internode LPI 7, most of the ["4C]glutamine was found in the phloem (Fig. 5) . Note the heavy accumulation of 14C in phloem of traces that lay near the departing central (7C) and left (7L) traces of LPI 7 (Fig. 5, A and B) . These traces lead to the young developing leafat LPI 4. Particularly heavy concentrations of "'C were present in 4C and its bundle-split (4Cs) (18) . Little activity was present in either the xylem or phloem of the departing LPI 7 traces, indicating both little xylem movement into and phloem retransport from this mature leaf. Most ofthe glutamine had been transferred from the LPI 7 traces to traces serving younger leaves in the subtending internode before the traces of LPI 7 had completely diverged from the vascular cylinder. Farther up the stem in the internode (Fig. 4C) and petiole (Fig. 4, D and E) of the developing leaf at LPI 3, almost all of the 14C from glutamine had been transferred to the phloem for translocation to the young developing leaves. Organic nitrogen compounds moving in the xylem should initially accumulate in recently matured, fully expanded leaves that are responsible for most transpirational water loss (1, 10).
In both lupin (9) and pea (15) (Table I) . Rather, it moved directly upward in xylem or from xylem to phloem in the stem and then accumulated in young developing leaves (Fig. 3) . This accumulation was closely correlated with the sink strength of the leaf (LPIs 2, 3, and 4 are the most rapidly expanding leaves and are the strongest sinks in the developing leaf zone). The accumulation of 14C in leaves approaching maturity (LPIs 5 and 6) may reflect either a continuing demand for amino acids or an immature xylem to phloem transfer system. Thus, more glutamine would move into the lamina with the transpiration stream. "'C that did accumulate in the mature leaves is probably a measure of the glutamine that bypassed the transfer system in the stem (Table I) . We found no evidence that "1C from glutamine was retranslocated from matures leaves (see Fig. 5 ). Microautoradiography of mature petiole cross-sections indicated no phloem loading and retransport of glutamine as was found with aspartic and glutamic acid (17) .
Removing several mature leaves from the lower stem decreased "'C accumulation in xylem and phloem in the stem segments subtending these missing leaves (Fig. 1) . When lower leaves were present, "1C accumulated throughout the stem (Fig. 2) . These (Fig. 4, A and B) . In addition, the metaxylem borders the pith, which accumulates glutamine. In contrast, movement out of the vessels of secondary xylem occurred mostly via ray-and vesselassociated parenchyma. The fibers of secondary xylem, which make up most of the tissue, do not accumulate 14C (Fig. 4A) (6) . Therefore, an accumulation gradient is present that favors both upward movement in xylem and xylem to phloem transfer of glutamine to younger traces leading to developing leaves. In addition, the ['4C]glutamine accumulated by metaxylem parenchyma of traces leading to older leaves could be transferred through rays to vessels in the secondary xylem of traces leading to recently matured or developing leaves for movement up the stem.
Microautoradiography shows that the 14C present in phloem of the lower stem was diffused throughout the tissue and not concentrated in sieve tubes (Fig. 4A) . Actual loading into sieve tubes first takes place in midstem (e.g. see the heavy concentration of 14C in sieve tubes of an internode subtending LPI 8; Fig.  4B ). In this internode, 14C in the phloem was concentrated in specific traces leading to young developing leaves. Such traces can be tentatively identified by the small amount of metaxylem present. At the node of LPI 7, the region of the first fully expanded leaf (3), the phloem of LPI 4 traces was heavily labeled.
The absence of "'C in LPI 7 traces (Fig. 5, traces 7C , and 7L) indicated that glutamine was transferred from the LPI 7 traces to adjacent traces of young developing leaves before the LPI 7 traces diverged from the cylinder at the node (Fig. 5, see 7L) . Similar transfer from diverging traces has been inferred from whole stem autoradiography oflupin (9) . In cottonwood, transfer in this region of the stem probably occurred through laterally anastomosing phloem of adjacent traces; transfer cells have not been found in cottonwood nodes (5) .
This study on the distribution ofxylem-fed glutamine in shoots of cottonwood has shown that the stem has an efficient system for removing glutamine from the transpiration water stream. The amide, with its additional nitrogen complement, was then either retained in the stem where it was stored or metabolized by the stem tissue (metaxylem parenchyma still contained high concentration of "'C 3 h after a 15-min pulse of ["'C]glutamine), or it was transported upward in both xylem and phloem to young developing leaves and the shoot apex. Final upward movement occurred primarily in phloem and was a function of sink,strength of the importing leaves ( Fig. 3 ; Table I ). Glutamine, the major nitrogen transport compound in cottonwood, was thus directed to tissues with the greatest growth-dependent demand for nitrogen.
